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ABSTRACT 

\ 

During  this  report  period,  work  has  been  concentrated  on 
a  survey  of  the  structure,  electrical  and  magnetic  properties 
of  transition  netal  oxide-phosphate  glasses  and  glasses  In  the 
As2Te^-As2Se2  system  which  possess  electrical  cr  magnetic  device 
potential.  Results  of  magnetic  and  electrical  observations  in 
several  transition  metal-phosphate  glasses  have  revealed  a  high 
degree  of  magnetic  and  structural  order.  The  pronounced  Influence 
of  glass-glass  phase  separation  has  also  been  noted. 

Examination  of  a  V^O^'  -  ^2^5  revealed  an  antl- 

f erromagnetlc  transition  In  the  glass  at  a  low  temperature. 

Results  on  a  CuO-P^O^  glass  are  promising.  In  that  an  extremely 
large  range  of  conductivities  has  been  observed  thus  indicating 
potentially  useful  In  device  application. 

Detailed  studies  of  the  As2Te2-As2Se^  system  has  shown 
switching  behavior  which  can  be  controlled  with  compositional 
variation.  These  results  are  consistent  with  a  thermally  induced 
switching  mechanism.  This  material  has  been  examined  in  the 
microwave  frequencies  and  exhibits  an  extremely  high  dielectric 
constant  with  low  losses. 


STATEMENT  OF  PROBLEM 


The  device  potential  In  anorphous  semiconducting  materials 
1.::  a  largely  unexplolted  area,  despite  extensive  research  In 
this  area.  This  Is  the  result  of  a  lack  of  systematic  structure- 
property  oriented  research  In  these  materials.  A  fundamental 
understanding  of  the  structural  features  of  this  class  of 
materials  will  allow  rational  Interpretation  and  control  of 
relationships  between  glass  preparation  variables  and  Important 
electrical  and  magnetic  properties. 

Electronic  conduction  In  aTiorphous  solids  has  become  the 
the  subject  of  Interest  to  a  number  of  theoreticians  and  has 
been  reviewed  by  Mott  (1),  Gubanov  (2)  and  numerous  others. 
Virtually  all  of  these  works  have  begun  with  an  assumption 
that  amorphous  solids  are  uniformly  random,  even  though  they 
recognize  glasses  are  generally  heterogenous.  These  theoreticians 
have  developed  analytical  descriptions  of  several  systems  which 
have  been  experimentally  verified  In  some  caser.  Attempts  to 
extend  this  approach  to  microscopically  heterogenous  systems 
have  had  notably  little  success.  There  remains  a  considerable 
body  of  experimental  results.  Including  Hall  and  Seebeck  co¬ 
efficients,  which  are  not  rationalized  by  present  theory. 

Pearson  (3)  has  suggested  than  heterogenous  structure  In 
these  materials  may  explain  these  anomalies  If  the  separated 
phase  Is  crystalline.  It  appears  that  heterogenous  transport 


analysis  siailar  to  that  of  Volger  (4)  or  Bube  (5)  Is  required 
to  ascertain  the  transport  behavior  in  each  phase. 

Another  important  anomaly  between  theory  and  observation 
concerns  the  theoretically  predicted  insensitivity  of  amorphous 
semiconductors  to  doping.  Early  experimental  observations  by 
Kolimets,  et.  al.  (6),  conformed  to  the  theoretical  predictions, 
but  recent  work  hy  Mackenzie  (7)  clearly  conflicts  with  the 
theory  and  the  early  work.  It  appears  that  the  above  anomalies 
are  the  result  of  inadequate  structural  characterization,  rather 
than  fundamental  theoretical  problems. 

Further  evidence  that  structural  heterogenities  lie  at 
the  root  of  these  anomalies  can  be  inferred  from  work  by  Kinser, 
et.al.  (8),  in  K20>P205->V205  glasses.  This  work  has  shown  that 
marked  changes  in  dielectric  behavior  occur  during  thermal 
treatments  customarily  used  to  stress  relieve  glasses.  These 
changes  have  been  shown  to  be  the  result  of  structural  changes 
involving  precipitation  of  small  amounts  of  crystals. 

Wilson  and  Kinser  (9)  have  observed  similar,  but  somewhat 
more  complex,  behavior  in  Fe0-P20^  glasses  after  thermal  treat¬ 
ments  corresponding  to  annealing.  Electron  spin  resonance  (ESR) 
results  have  shown  the  onset  of  structural  changes  during  thermal 
treatment  prior  to  their  observation  by  other  commonly  employed 
techniques  (10). 

It  is  thus  apparent  that  homogenous  glasses,  semiconducting 
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or  otherwise,  are  the  exception  rather  than  the  rule. 

GENERAL  METHODOLOGY 

The  electrical  and  magnetic  property  changes  accompanying 
structural  modifications  during  glass  processing  are  of  prime 
Interest  In  the  present  work.  The  above  questions  can  only  be 
answered  with  detailed  structural  characterization  of  represent¬ 
ative  glassei-i  from  the  oxide  and  chalcogenlde  groups.  The 
Initial  oxide  glass  examined  was  the  55  FeO-45  ^2^5  along 

with  glasses  from  the  V2OJ-P2O5,  CUO-P2O5,  TIO2-P2O5  and  Mn0-P20j 
systems.  The  Initial  chalcogenlde  glasses  are  from  the  As2Tj^- 
As2Se2  system  wilh  Ag-As-s  glasses  In  preliminary  stages  of 
study. 

Structural  characterization  of  these  systems  is  being  ac¬ 
complished  using  electron  microscopy,  Guinier-DeWolf f  x-ray, 
electron  spin  resonance  spectroscopy,  magnetic  susceptibility, 

M 

electron  microprobe,  dielectric  relaxation,  Mossbauer  spectro¬ 
scopy  and  differential  thermal  analysis  techniques. 

In  conjunction  with  the  structural  tools,  it  Is  necessary 
hat  the  conductivity,  switching  behavior  and  Seebeck  coefficient 
be  monitored  to  allow  direct  structure-property  correlations. 
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RESULTS 


Transition  Metal  Phosphate  Glasses 

Previously  reported  work  In  Fe0-P20^  glasses  has  Indicated 
that  considerable  compositional  segregation  occurs  during  thermal 
treatments.  Similar  compositional  segregation  has  also  been 
previously  Inferred  In  glasses. 

Fe0-P20^  Glasses 

Electrical  resistivity  has  been  observed  In  a  55FeO-45?20^ 
glass  for  a  series  of  oxidation  states  with  differing  thermal  treat¬ 
ment  temperatures  (See  paper  appended  for  detailed  discussion). 

The  results  of  these  observations  have  Indicated  that  the  minima 
In  the  conductivity  versus  oxidation  state  plot  (Figure  1)  Is 
shifted  after  themal  treatment.  Chemical  analysis  of  samples 
before  and  after  thermal  treatment  show  no  change  In  overall 
oxidation  state.  These  observations  Indicate  that  this  system 
segregates  preferentially  In  a  manner  which  appears  to  shift  the 
minimum  in  resleltlvty  to  about  Fe^+/Fe^° ^“0 . 7 .  This  shift  is 
clearly  a  consequence  of  mlcrcstructural  segregation  and  not  a 
consequence  of  the  atomic  structure  of  the  glass. 

Magnetic  susceptibility  of  the  iron-phosphate  glasses  re¬ 
vealed  that  the  Iron  Ions  In  the  bulk  glass  were  coupled  antl- 
f erromagnetlcally  with  0  ■  -239°K  and  x  “  6.58  x  10“^  cgs.  At 
room  temperature  these  results  are  In  accord  with  previous  ESR 
data  which  Indicated  that  the  Iron  ions  in  the  bulk  glass  were 
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coupled  antlf crromagnetlcally  in  trlvalent  and  divalent  pairs. 

Heat  treatment  of  the  glasses  for  14  hours  at  800°C  resulted 
in  devitrification  and  growth  of  'rystalline  phases  which  have 
been  identified  by  room  temperature  vacuum  Guinier  de  Wolff 
techniques  as  Fe^O^,  FePO^,  Fe^POy,  and  Fe^(P20y)^.  The  heat 
treatment  caused  the  projected  6  to  decrease  to  and  the 

mass  susceptibility  to  increase  to  7.18  x  10~^  cgs . 

^2^S~^2^5  Glasses 

Glass  formation  in  the  V20^-P20^  system  was  Initially 
reported  by  Roscoe  (11)  in  1868.  Almost  a  century  later  Munakata 
(12)  examined  a  60  V2OJ  -20  P2^5  glass  with  varying 

v4+/y5+  and  observed  a  minimum  in  resistivity  at 

*>  0.2  Several  others  have  subsequently  discussed  the  significance 
of  this  observation  in  terms  of  the  conduction  mechanism  (13,14). 
Recently  Llndlsey  et.al.  (15)  have  published  a  comprehensive 
analysis  of  five  different  V20^/P20^  compositions  with  varying 
v4't-/y  totnlratios .  Lindsley  observed  a  minimum  in  resistivity  in 
all  glasses  examined  in  the  range  ==  0.1-0. 2. 

It  appears  that  the  observation  of  this  deviation  of  the 
minimum  point  from  0.5  is  quite  damaging  to  a  single  hopping 
conduction  model;  Lindsley  proposed  two  possible  explanations 
to  salvage  the  hopping  model.  The  first  consists  of  a  complex 
ion  formation  which  structurally  isolates  some  of  the  from 

the  conduction  process.  The  second  possible  explanation  depends 
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upon  the  structural  breakup  of  -V-O-P-cha ins .  Neither  of  these 
explanations  la  particularly  palatable  in  the  light  of  the 
strong  glass  foralng  tendency  of  both  V2O3  and  P2^5* 

Llndsley  et.al.  cited  a  recent  work  by  Anderson  &  Luehrs(16) 
as  Indicating  nicroscoplc  homogenlty.  This  work  was  conducted 
on  thin  films  which  In  fact  exhibited  some  phase  separation 
characteristics.  We  have  examined  numerous 
using  electron  replica  techniques  on  fractured  etched  surfaces 
and  almost  all  of  the  glasses  examined  exhibit  immiscibility . 

An  extensive  magnetic  study  of  the  vanadium-phosphate  glass 
system  was  undertaken  In  an  attempt  to  resolve  some  discrepancies 
In  the  literature.  Several  Investigators  (17,18)  have  reported 
hyperflne  spectra  in  their  ESR  data  of  90-10  and  80-20  vanadium- 
phosphate  glasses.  Glasses  with  these  compositions  were  made, 
but  no  hyperflne  structure  was  observed.  Eventually  6  glasses 
were  studied  In  the  60-90  mole  Z  ^***8®  ®**d  the  microstructures 

revealed  the  presence  of  a  mestable  Immiscibility  gap.  In  spite 
of  the  extensive  phase  separation  In  the  glasses  containing  high 
vanadium  concentrations,  no  hyperflne  structure  was  observed. 

Since  none  of  the  Investigators  who  detected  hyperflne  reported 
any  x-ray  studies  of  their  glasses,  we  have  concluded  that  their 
samples  were  partially  devltrlfled. 

It  was  determined  by  correlation  of  magnetic  susceptibility 
and  ESR  data  that  there  existed  direct  antiferromagnetic  coupling 


7 


4*f 

between  V  ions  In  the  glass.  This  coupling  resulted  In  an 
ant  If  erroaagnetlc  transition  temperature  near  -  70*’C.  The 
reduction  in  temperature  of  this  transition  temperature  from  the 
Neel  temperature  of  crystalline  VO^  is  the  result  of  the  octa¬ 
hedral  site  symmetry  of  the  in  ^he  glass  and  the  delocal¬ 

ization  of  the  V-0  bonding  electrons  by  the  phosphorous  ion. 

Determination  of  the  concentration  of  ions  in  the  glasses 

studied  was  in  agreement  with  two  previous  investigators  (19,20). 
However,  it  was  found  that  the  llnewldth  of  the  resonance  Increased 
at  high  vanadium  concentrations.  This  is  contrary  to  the  pre¬ 
diction  of  the  generally  accepted  structural  model  proposed  by 
Janaklrama-Rao  (21).  The  llnewldth  Increase  is  the  result  of  in- 
homogenelty  broadening  due  to  the  Increased  phase  separation  of 
glasses  containing  high  vanadium  concentrations.  Thermal  treat¬ 
ments  leading  to  phase  separation  of  the  glasses  also  caused  a 
hysteresis  in  the  resonance  intensity  vs.  temperature  plot  at 
the  antiferromagnetic  transition  temperature.  This  hysteresis  is 
similar  to  that  observed  in  the  Neel  temperature  of  crystalline 
compounds  containing  more  than  one  phase  (22). 

In  order  to  study  the  magnetic  behavior  of  gl  asses  with 
increased  concentration  of  the  lower  valence  state  ions,  dextrose 
was  added  to  the  melts  of  the  65-35  and  80-20  glasses.  This 
resulted  in  enhanced  phase  separation  of  the  glass  into  vanadium- 
rich  and  phosphate-rich  phases.  A  hysteresis  was  observed  at  the 
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transition  teaperature  of  the  glass,  and  In  addition,  weak 
transitions  were  observed  at  *l-70^  and  -120*^0,  the  Neel 
tenperatures  of  VO^  and  respectively.  These  weak  tran¬ 

sitions  Indicate  that  the  addition  of  dextrose  to  the  melt  pro¬ 
duced  and  V^'*'  ions  and  also  that  the  local  lingand  environ¬ 

ments  of  these  trlvalent  and  tetravalent  ions  in  the  separated 
phase  were  quite  similar  to  the  local  ligand  environments  in 
V2O2  and  Thus  and  antiferromagnetic 

coupling  In  the  separated  phase  resulted  in  transitions  similar 
to  those  observed  In  crystalline  systems.  A  paper  discussing 
the  magnetic  behavior  of  these  glasses  Is  append'^d . 

CUO-P2OJ  Glasses 

A  55  CUO-55P2OJ  glass  has  been  prepared  with  varying 

ratio.  The  electrical  conduction  process  in  these 
glasses  Is  not  presently  clear  as  both  l::rge  activation  energies 
for  conduction  (0.80-1.0ev)  and  minor  time  dependent  conduction 
have  been  observed.  The  electrical  conductivity  of  these  glasses 
will  continue  to  be  studied  since  It  appears  that  the  conduction 
mechanism  may  be  both  electronic  and  Ionic  in  these  glasses.  It 
was  also  observed  that  the  resistivity  appears  to  minimize  near 
Cu^'*’/Cu*‘° ■  0.4.  This  behavior  appears  similar  to  the  other 
transition  metal  oxide-phosphate  glasses. 
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Inve»tlgatlona  of  a  55-45  aole  X  Mn02-P203  glass  have  led 
CO  a  preliminary  characterization  of  the  aagnetlc  structure  of 
Che  aaterlal.  The  glass  was  prepared  In  a  manner  similar  to 
chat  eaployed  with  other  glasses  studied;  however.  It  was  found 
chat  the  conductivity  was  less  than  7xl0~l^  (oha-ca)  ^  This 
Implied  that  practically  all  of  the  maganese  Is  In  one  valence 
state.  In  sharp  contrast  to  the  Iron  and  vanadium-phosphate 
glasses,  where  as  much  as  50Z  of  Chi’’  transition  metal  Ion  was 
In  the  lower  valence  state  In  the  as  .'.ast  glass. 

Magnetic  susceptibility  aeasureaents  of  the  aanganese- 
phusphate  glass  showed  that  the  bulk  properties  are  antlferronag 
netlc  with  a  projected  6  ■  -  230^K,  x  *  8.05  x  lO'^^Ccgs  units) 
at  room  temperature,  and  C  ■  3.71  x  lO**^.  However,  the  ESR  line 
Intensity  vs.  teaperature  plot  Indicated  that  the  glass  Is 
ferromagnetic  down  to  21*’K.  In  addition,  a  calculation  of  Che 
area  under  the  abeorpClon  epectra  to  determine  the  spin 
density  yielded  a  valve  which  Is  10^  greater  than  the  number  of 
spins  In  the  sample. 

We  have  concluded  Chat  the  menganese  Ions  In  this  manganese 
phosphate  glass  are  etrongly  antlf erromagnetlcally  coupled  In 
pairs.  Yet  because  of  local  elte  distortion  there  Is  a  slight 
noncollncar Izatlon  of  Che  spins.  The  resultant  moment  from 
each  pair  couples  with  other  resultant  moments  so  that  a  ferro¬ 
magnetism  Is  thought  to  exist  with  a  transition  temperature  less 
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than  21°K.  The  discrepancy  between  the  spin  density  calculated 
from  stochionetry  and  from  ESR  data  is  the  result  of  the  strong 
internal  Molecular  field  in  the  glass. 

Ti0-P20j  Glasses 


Glass  formation  in  this  system  was  reported  in  the  literature 
only  recently,  and  little  property  work  has  been  published  to 
date.  The  main  difficulty  in  this  system  arises  in  preparation 
of  specimens,  due  to  the  difficulty  of  obtaining  a  homogeneous 
amorphous  structure.  J.  R.  Pawlik,  et.al.  (23)  recently  presented 
A.C.  and  D.C.  conductivity  for  a  4.5  T102_^  2.0P20^  glass  of 
varying  x-value  as  a  function  of  a  temperature  and  frequency. 

If  their  D.C.  data  is  replotted  as  a  function  of  Ti^‘*'/Ti^°^®^ , 
it  appears  that  a  minima  occurs  in  the  range  xi^'*‘/Ti^*’^^^  >  0.50. 
This  glass  thus  appears  to  behave  similarly  to  the  CUO/P2O3  glasses. 

We  have  made  attempts  to  study  the  magnetic  properties  of 
titanium-phosphate  glasses  containing  differing  relative  concen¬ 
trations  of  divalent  and  trlv«lent  ions.  The  glasses  were  pre¬ 
pared  by  prereacting  TIO2  and  H^PO^,  drying  the  product  and 
melting.  In  order  to  obtain  Ti^'*'  in  the  glass,  TI2O2  was  added 
to  the  product  of  the  prereaction.  The  magnetic  susceptibility 
of  all  glasses  indicated  that  they  were  diamagnetic,  and  ESR 
studies  showed  that  only  a  minute  quantity  of  the  titanium  in 
the  glass  was  in  the  trlvalent,  or  paramagnetic  state.  Thus, 
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our  study  of  titanlun-phosphate  glass  containing  varying  con¬ 
centrations  of  the  valence  states  of  titaniua  is  presently  in¬ 
complete.  However,  an  ESR  study  of  the  glasses  will  result  in 
valuable  information.  Since  there  is  such  a  small  quantity  of  the 
paramagnetic  ion  in  the  glass,  exchange  coupling  between  titanium 
ions  would  be  negligible  and  we  can  examine  the  site  symmetry  of 
the  Isolated  Tl^*^  in  the  titanium-phosphate  glass. 

Summary  of  Transition  Metal  Phosphate  Glasses 

From  the  electrical  and  micros  true tural  features  of  the 
systems  thus  far  examined  it  appears  that  if  the  effects  of 
microstructure  are  accounted  for,  the  simple  hopping  model  for 
conduction  is  applicable.  The  previous  observations  of  resist¬ 
ivity  minima  at  other  than  equal  ion  concentrations  appear  to 
be  a  consequence  of  micro  segregation.  The  magnetic  property 
observations  likewise  Indicate  that  considerable  confusion  has 
resulted  from  previously  incomplete  microstructural  and  x-ray 
characterisation. 
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As^TCj  -  As^SCj  Glasses 

Prevloualy  reported  work  In  the  SOAe^Te^  -  20As2Se^  has 
shown  aesory  switching  behavior  In  bulk  glass  samples.  This 
breakdown  voltage  was  observed  to  be  Independent  of  thickness. 
During  the  present  report  period  considerable  electrical  and 
structural  characterization  of  glasses  In  thli  system  has  been 
accomplished . 

Delay  Time  Measurements 

Switching  delay  time  measurements  were  performed  on  the 
80:20  glass  and  the  70:30  glass  by  applying  a  voltage  pulse  across 
the  sample  through  a  series  lOOK  resistor.  The  applied  voltage 
and  the  voltage  across  the  sample  were  simultaneously  observed 
on  a  dual-beam  oscilloscope.  Figure  2  shows  the  results  of  a 
measurement  on  the  70:30  glass.  Two  Interesting  results  are 
apparent  from  this  measurement.  First,  the  threshold  switching 
voltage  for  the  pulsed  case  Is  nearly  a  factor  of  two  higher  than 
It  l8  for  the  DC  or  steady  state  switching  (24).  Second,  It  Is 
found  that  for  values  of  applied  voltage  slightly  greater  than 
the  threshold  value,  the  switching  delay  time  Is  extremely  slow, 
ranging  from  600  ms  for  the  70:30  sample  to  several  seconds  for 
some  of  the  80:20  glasses.  This  long  switching  delay  time  further 
supports  the  Idea  of  a  thermally  Initiated  switching  process. 

The  type  of  switching  shown  In  Figure  2  agrees  well  with  the 
switching  predicted  by  Warren  (25)  on  the  basis  of  his  solution 
of  the  time-dependent  heat-flow  equation. 

The  delay  time  was  found  to  decrease  sharply  with  Increasing 
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applied  voltage,  reaching  the  lov  Billisecond  region  with  over 
voltages  of  several  hundred  volts.  The  delay  time  was  also  found 
to  decrease  when  a  given  sample  was  subjected  to  repeated  break¬ 
down  at  the  same  applied  voltage.  This  appears  to  result  from 
areas  of  remnant  crystallization  brought  about  by  the  relatively 
high  currents  associated  with  the  pulsed  switching.  Similar 
behavior  with  respect  to  breakdown  voltage  had  been  observed 
earlier  In  the  steady-state  switching  of  the  80:20  and  70:30 
glasses  (26)  and  is  not  surprising  In  view  of  the  relatively  un¬ 
stable  nature  of  these  tellur lum-rlch  glasses.  The  60:40  and 
50:50  glasses  will  probably  exhibit  considerably  more  stability 
under  pulsed  switching,  but  unfortunately  It  would  require  Inord¬ 
inately  high  values  of  applied  voltage  to  make  the  measurements 
on  these  samples. 

Figure  3  shows  the  results  of  the  delay-time  vs.  applied 
voltage  measurements  on  the  80:20  glass.  Curve  1  Is  for  the 
virgin  sample,  which  exhibits  a  very  long  initial  switching  delay 
time  which  then  decreases  sharply  with  increasing  voltage.  Above 
around  550v,  the  rate  of  decrease  levels  off.  Curves  2  and  3 
are  subsequent  runs  taken  on  the  same  sample.  It  Is  seen  that 
the  behavior  for  low  voltages  Is  quite  different  for  the  three 
curves,  but  that  at  higher  voltages  all  the  curves  converge.  The 
general  behavior  of  these  samples  with  respect  to  switching  agrees 
with  results  reported  In  the  literature  for  other  glasses  (27). 

Breakdown  Voltage  Vs.  Composition 


Breakdown  voltage  was  measured  as  a  function  of  composition 
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over  the  coaposltlonal  range  from  pure  A82Te^  to  40As2Te^ : 60As2Se^ . 
Theraal  breakdown  theory  predicts  a  breakdown  voltage  which  is 
independent  of  thickness  for  bulk  saaples.  This  prediction  was 
confiraed  by  the  aeasureaents »  in  which  the  breakdown  voltage  was 
found  to  be  essentially  Independent  of  the  thickness.  In  addition, 
breakdown  voltage  waa  found  to  increase  aarkedly  with  reduction 
of  tellurlua  content.  Figure  4  shows  the  results  of  these  measure- 
aents.  Although  there  is  soae  scatter  in  the  breakdown  voltages 
of  different  saaples  with  the  saae  coaposltion,  the  compositional 
trend  is  obvious.  It  was  also  found  that  increasing  Se  content 
aade  the  glass  a  auch  aore  stable  switch  at  the  expense  of  much 
higher  breakdown  voltagea.  The  50-50  glass,  for  example,  exhibited 
a  very  stable  breakdown  voltage  over  many  breakdown  cycles  so  long 
as  the  saaple  was  not  subjected  to  extremely  high  on-state  currents. 
Since  the  instability  of  the  80:20  and  70:30  glasses  is  believed 
to  be  due  to  localized  regions  of  current-induced  crystallization, 
it  is  not  surprising  that  the  50-50  glass  behaves  aore  uniformly 
in  view  of  its  higher  stability  as  a  glass. 

Switching  Behavior  Vs.  Temperatures 

The  switching  characteristics  of  the  entire  glass  system 
have  been  studied  as  a  function  of  temperature.  Figure  5  shows 
the  results  of  increasing  temperature  on  the  I-V  characteristics 
of  a  50:50  saaple.  Picture  A,  taken  at  room  temperature,  indi¬ 
cates  a  very  high  off-state  resistance  (>  lOMl))  and  no  breakdown 
with  an  applied  voltage  in  excess  of  lOOOv.  Pictures  B,  C  and 
D,  taken  at  65*’c,  102*’c  and  123°C,  respectively,  show  successive 
decreases  in  the  off-state  resistance  and  breakdown  voltage  as 
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the  Cenperature  rises.  In  picture  E,  taken  at  140°C,  the  off- 
state  and  on-state  resistance  are  approaching  one  another  In 
magnitude  and  the  breakdown  voltage  has  fallen  to  below  lOOv. 
Finally,  as  the  temperature  Is  Increased  further,  the  sample 
crystallizes  and  switching  ceases.  The  resistance  of  the  cry¬ 
stalline  state,  shown  In  Picture  F,  Is  extremely  low.  After 
crystallization,  the  sample  remains  In  the  low  resistance  state 
as  the  temperature  decreases. 

Figure  6  shows  a  plot  of  breakdown  voltage  vs.  temperature 
for  the  60:40  glass.  If  the  heat  flow  equation  Is  solved  for  the 
breakdown  voltage,  an  exponential  Integral  results  which  can  be 
simplified  for  temperatures  below  the  glass  melting  point  to  give 
the  following  expression: 


V 


BR 


ktc 

aLE 

o 


T  exp(AE/2kT) 


(1) 


where  k  •  Boltzmann's  constant,  T  Is  the  ambient  temperature,  k 
Is  the  thermal  conductivity  of  the  glass,  Is  the  Infinite 
temperature  electrical  conductivity,  and  AE  Is  the  activation 
energy.  This  equation  has  been  developed  and  reported  In  the 
literature  by  several  researchers  (28,29).  Equation  1  neglects 
the  field-dependent  term,  which  Is  essentially  equal  to  unity 
for  a  bulk  sample.  Efforts  to  fit  data  such  as  that  shown  In 
Figure  6  to  the  results  predicted  by  Eq.  1  have  been  very  success¬ 
ful,  yielding  a  very  good  fit  and  also  producing  values  of  AE 
and  ,  which  were  taken  as  the  variable  parameters  of  the 


fitting  process. 
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D.C.  Conductivity 

The  D.C.  (off-state)  conductivity  of  the  glass  system  for 
^OAs 2Te 2 1 60As 280 2  to  80As2Te^: 20As2Se2  has  been  measured  over  the 
the  temperature  range  23°C  to  lOQOC.  Preliminary  analysis  of  the 
data  indicates  that  the  D.C.  conductivity,  0,  of  each  glass  varies 
exponentially  with  temperature  according  to  the  relation 

°  ■  “o  (2) 

Apparent  values  of  activation  energy  calculated  from  Ina  versus 

1/t  curves  agree  closely  with  values  determined  from  the  switching 

experiment.  The  activation  energy  for  each  glass  was  found  to 

generally  decrease  with  increasing  tellurium  content  as  might  be 

expected.  Table  1  summarizes  the  electrical  data  obtained  from 

computer  analysis  of  the  experimental  data.  These  measurements 

will  be  continued  in  the  low  temperature  range  in  order  to  obtain 

more  accurate  values  for  o  and  AE. 

o 

Electron  Microscopy 

All  of  the  As2Te^-As2Te^  glasses  discussed  above  have  been 
examined  using  etched  replica  electron  microscopy  techniques. 

While  this  work  has  not  been  analyzed  in  detail,  it  is  presently 
clear  that  composltlbii  changes  effect  the  phase  separated  micro¬ 
structures  observed.  This  work  will  be  completed  early  in  the 
next  report  period  and  will  be  included  in  the  next  report. 
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RECOMMENDATIONS 

1.  Our  principal  reconendatlon  Is  to  continue  the  present  program  In 
Its  present  direction  to  allow  the  synthesis  of  each  of  the  results  In  a 
unified  theoty  along  the  lines  which  are  now  clear  In  the  chalcogenlde 
system. 

2.  As  In  our  previous  recomsiendatlons,  we  continue  to  recoomend  the 
survey  preparation  of  new  glasses.  We  anticipate  that  the  transition 
metal  oxide-phosphate,  silicate,  borate  and  germanate  survey  presently 
In  progress  will  be  continued. 

It  Is  also  anticipated  that  results  on  a  new  system  Ag-As-S  will  be 
most  helpful  In  developing  switching  models.  A  detailed  ternary  phase 
diagram  was  recently  published  (30)  and  our  analyses  should  be  simplified 
with  this  as  a  basis.  It  Is  further  anticipated  that  Cu  and  Au  substi¬ 
tuted  In  the  above  system  will  be  quite  Informative  from  an  atomistic  and 
mlcrostructural  model  point  of  view. 

3.  The  Mossbauer  technique  should  be  used  to  examine  57  Fe  and  127  Te 
In  each  of  the  systems  presently  under  examination  using  other  tech¬ 
niques.  This  will  significantly  aid  In  atomic  structure  model  develop¬ 
ment  In  these  systems  as  an  addition  to  the  present  tools. 

4.  We  recommend  that  the  microwave  and  far  Infrared  "conductivity 
spectra"  be  obtained  to  facilitate  In  theoretical  analysis  of  the  conduc¬ 
tivity/loss  spectra.  This  will  allow  the  loss  behavior  to  be  explicitly 
attributed  (31)  to  each  mechanism  thus  reinforcing  both  atomic  and  micro- 
structural  analyses. 
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TABLE  I 


Suaaary  of  Electronic  Dete  on  Chalcogenlde  Glasses 
In  the  Systen  x  As2Te^  (1-x)  As^Se^ 


Coaposltlon  AE(ev) 


80:20 

0.47 

70:30 

0.40 

60:40 

0.45 

50:50 

0.52 

40:60 

(0.55) 

K/O 

o 

0  “ 

o 

1.85  X  10"^ 

7.4  X  10^ 

3.02  X  lO"^ 

5.48  X  10' 

3.00  X  lO"^ 

2.75  X  lO' 

7.56  X  10"* 

3.20  X  10 

•• 

1.98  X  10' 

* 


Proa  conductivity  data 
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TABLE  II 

Suaaary  of  DTA  Observatlona  of  ChAleogenlde  Glasses 


Observed  Exothermic  Reaction  Temperature  (°C) 


As2Te^/As2Se^ 

5  C°/mln 

10  C°/mln 

25  C°/mln 

80/20 

149 

172 

180 

70/30 

196 

220 

225 

60/40 

213 

241 

239(?) 

50/ 

205 

N.O. 

250(?) 

40/60 

N.O. 

N.O. 

N.O. 

12 


■  Hansen's  data  -  as  cast 
“  hour  heat  treatment  at  600°C 


Figure  1.  D.C.  resistivity  at  200°C  vs.  . 

The  data  of  Hansen  is  shown  with  present  data 
after  thermal  treatment  of  1  hour  at  600°C. 
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Figure  2.  Delay  time  measurement  of  70As2Te^ : 30A82Te2 
glass  at  room  temperature.  (Upper  trace  Is 
applied  pulse.  Lower  trace  is  voltage  across 
the  sample.  Time  scale:200  ms/cra) 


1000 
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APPLIED  VOLTAGE  (VOLTS) 
Figure  3.  Switching  delay  time  vs.  applied  voltage  for  80A 
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'  i  u  r  c  5  . 


Switching  characteristics  of  50As2Tej: 
50As2Se2  glass  at  several  temperatures 
(A)  23°(:  (B)  65°C  (C)  102°C  (D)  1 
(K)  14()‘’C  (F)  165°C 
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ABSTRACT 


Periodic  Behavior  of  Electrical 
Transition  Metal  Phosphate 


Properties 

Glasses 


In 


A.  W.  Dozier  and  D.  L.  Klnser 


The  ac  and  dc  electrical  properties  of 
valent  transition  metal  oxide  phosphate  gla 
Glasses  of  nearly  all  one  Ion  species,  l.e. 
ly  high  resistivities  similar  to  previous  o 
glasses.  Minima  In  resistivity  vs  oxldatlo 
to  be  correlated  with  the  number  of  valence 
system.  Low  resistivities  were  observed  In 
glasses  where  oxidation/reduction  reactions 
temperature  treatments.  The  ac  properties 
exhibit  relaxation  maxima  In  the  frequency 
others  are  loss  free  In  this  range.  Electr 
glasses  Indicates  that  mlcrostructural  feat 
observed  relaxation  maxima. 


representative  alter- 
sses  were  surveyed. 


Mn 


2+ 


,  exhibit  extreme- 

bservatlons  In  Fe0-P„0„ 

,  2  5 

n  state  plots  appear 

s  available  In  each 
surface  films  on  CuO 
occurred  during  low 
of  some  of  these  systems 
102  to  10^  Hz,  while 
on  microscopy  of  these 
ures  can  explain  all 
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AI/riPERROMAGNETIC  BEHAVIOR  IN  TOE 

SEMICONDUCTING  GUSS  SYSItM 

E.  J.  Fflebele,  L.  K.  Wilson  and  D.  L.  Klnser 

Vanderbilt  University 
Nashville,  Tennessee  37203 


The  magietlc  resonance  spectra  of  the  semiconducting  glass  system 
X  VpOc  •  (1-x)  ^Oc  (x  »  0.80,  0.75»  0.70,  O.65,  and  O.60)  has  been  studied 
as  a  function  of*^e5^rlinent  tenperature  at  9.0  GHz.  Ihe  resonance  spectra 
of  the  glasses  consist  of  a  sin^et  with  ^proxlmately  300  gauss  line- 
width  centered  near  g*  »  1.96.  The  llnewidth  and  the  g’  values  for  each 
glass  were  essentially  constant  over  the  tenperature  range  77°  K  to 
400°  K.  Both  annealed  and  unannealed  glasses  exhibited  antlferranagnetlc 
behavior  with  anomalies  in  the  spectra  line  intensities  at  tenperatures 
corresponding  to  known  antiferromagnetic  transitions  in  the  pure  phase 
vanadium  oxides.  Ihe  ma^ietic  resonance  data  has  been  esqplalned  in  terms 
of  a  proposed  structural  model  for  the  system.  (Research 

sponsered  by  the  U.S.  Amor  Research  OfflSe^Dumam) 


Abstract  submitted  to  the  knmal  Meeting  of  the  American  Ceramic  Society, 
March,  1971. 
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Paper  to  be  presented  to 
IX  Congres  International  du  Verre 
September,  1971 

ABSTRACT 

Electrical  and  Magnetic  Property  Changes 
During  Devitrification 

KINSER,  D.  L.,  WILSON,  L.  K.  ,  FRIEBELE,  E.  J. 
AND  DOZIER,  A.  W.* 


Electrical  conductivity  and  electron  spin  reson¬ 
ance  (ESR)  measurements  were  conducted  on  55  mole  %  FeO- 

3*f 

45  mole  %  ^2^5  with  varying  Fe  /Fe  and  thermal 

heat  treatments.  The  DC  conductivity  and  ESR  linewidth 
observations  exhibit  breaks  at  about  75*C.  This  correla¬ 
tion  is  interpreted  to  indicate  mechanism  coupling  between 
the  two  processes.  The  magnitude  of  the  magnetic  reson¬ 
ance  was  observed  to  be  much  sraller  than  that  expected 
for  the  ^unount  of  Fe^^  present.  This  indicated  that  the 
spins  are  almost  all  antiferromagnetically  ordered,  hence 
the  atomic  structure  is  partially  ordered  to  accomodate 
magnetic  ordering.  This  also  indicates  that  the  short 
range  order  in  the  glass  is  considerably  higher  than  a 
random  phosphate  network  with  a  high  modifier  content  would 
allow.  Dielectric  behavior  was  interpreted  on  the  basis 
of  Maxwell-Wagner-Sillars  heterogeneous  dielectric  behavior. 


3? 


Paper  Submitted  to  the  Journal  of  the  American  Ceramic  Society 
Do  not  quote  or  refer  to  contents  without  authors*  pemlsslon. 


CORRELATIONS  BETWEEN  STRUCTURE  AND  ELECTRICAL 
PROPERTIES  IN  A  55a/o  FeO— 45a/o  GLASS 

A.  W.  Dozier*,  L.  K.  Wilsont,  E.  J.  Friebele*, 
and  D.  L.  Kinsert 

School  of  Engineering 
Vanderbilt  Unlvernlty 
Nashville,  Tennessee 
37203 


The  A.C.  and  D.C.  characteristics  of  a  55a/o  FeO — 45a/o  ^2^5 
were  measured  as  a  function  of  heat  treatment  time  at  600°C  and  Fe^/Fe^°^ 
ratio.  A  correlation  was  established  between  the  behavior  of  the  D.C. 
resistivity  vs.  1/T  with  varying  heat  treatment  times  and  the  appearance 
of  a  high  and  lower  frequency  dispersion  In  the  tan  6,  ^  vs.  frequency 
measurements.  A  theory  explaining  this  correlation  Is  proposed  and 
evidence  In  support  of  this  theory  obtained  from  Gulnler  DeWolff  powder 
camera  data. 


*Graduate  Assistant,  Vanderbilt  U.'ilverslty  School  of  Engineering 
tAssociate  Professor,  Vanderbilt  University  School  of  Engineering 
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INTR(»UCTION 


The  study  of  A.C.  phenomena  in  semiconducting  glasses  is  a  relatively 
new  area.  The  first  works  appeared  around  1965,  and  were  concerned  with 

conductivity  as  a  function  of  frequency,  and  dielectric  loss  observa- 

12  3  2 

tions.  *  *  One  of  these,  by  Hansen  and  Splann  ,  plotted  the  dielectric 

loss  parameter  as  a  function  of  frequency  for  a  55a/o  FeO — 45a/o 

glass.  Loss  peaks  appeared  in  this  data,  and  were  attributed  to  a 

resonance  phenomena  associated  with  charge  carriers  moving  between 

transition  metal  cation  sites  on  the  amorphous  lattice,  i.e.,  Schmid's 

small  polaron  conduction  mechanism  for  amorphous  semiconductors.  Hansen's 

specimens  were  annealed  at  relatively  high  temperatures  (ASOoSOO^C) ,  and 

these  loss  peaks  were  attributed  to  an  inhomogeneous  dielectric,  re- 

4 

suiting  in  a  loss  of  the  Naxwell-Wagner-Sillars  type,  by  Klnser. 
Transmission  electron  microscopy  was  used  to  support  Klnser 's  observa¬ 
tions.  Similar  phenomena  had  been  observed  in  other  amorphour  systems 
earlier. 

The  purpose  and  scope  of  this  paper  is  to  examine  the  A.C.  and 
D.C.  properties  of  a  55a/o  FeO— 45a/o  ^2^5  Blass  as  a  function  of  heat 
treatment  time  at  elevated  temperatures,  and  as  a  function  of  varying 
Fe  /Fe  ratios.  These  measurements  were  correlated  with  the  appear¬ 
ances  of  crystalline  phases  in  Guinier  de  Wolff  powder  camera  data.  A 
study  of  D.C.  and  A.C.  properties  and  density  as  a  function  of  quenching 
rate  is  also  included. 
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EXPERIMENTAL  PROCEDURE 

Specinens  were  nade  by  ■elting  300  ga.  batches  of  reagent  quality 
material  In  silica  crucibles  for  one  hour  at  1300°C.  The  aeltlng  tine 
was  measured  from  the  last  addition  to  the  crucible.  Thirty  minutes 
were  required  to  melt  the  entire  batch.  Varying  Fe  /Fe  ratios  were 
obtained  by  adding  different  amounts  of  dextrose  to  the  melt.  The 
pouring  sequence  of«the  specimens  from  the  melt  was  recorded,  and  the 
specimens  were  divided  sequentially  Into  groups  of  about  five  each. 

The  time  from  the  first  specimen  poured  to  the  last  was  about  40  minutes. 

TWO  specimen  configurations  were  used.  One  type  was  produced  by 
a  plunger  and  die  configuration,  which  yielded  cylindrical  specimens 
1.7  cm.  In  diameter  and  from  .4  to  .5  cm.  In  thickness.  Specimens  about 
.3  cm.  In  thickness  and  from  2.5  to  5.0  cm.  In  diameter  were  obtained 
by  quenching  between  t%fO  copper  plates  8  cm.  x  15  cm.  x  1.5  cm.  In  the 
other  method.  The  quenching  rate  was  varied  In  both  cases  by  cooling 
the  molds  to  77°K,  25^C  and  300^0  preheat.  After  casting,  the  specimens 
were  strain  annealed  at  300'’c  for  one  hour. 

Both  x-ray  and  electrical  specimens  used  In  the  experiment  were 
from  the  middle  group  of  each  batch.  Titrations  were  run  on  specimens 
in  the  first  and  last  group  poured  In  each  melt,  as  well  as  specimens 
in  the  middle  group,  for  melts  in  trhlch  the  plunger  and  die  configuration 
were  used.  This  was  not  necessary  In  the  case  where  copper  plates  were 
used,  due  to  the  fact  that  the  specimens  were  large  enough  to  make  an 
electrical  specimen  and  have  enough  material  left  over  for  x-ray 
specimens  and  a  titration.  Titrations  were  also  run  as  a  function  of 
heat  treatment  time.  The  titration  was  made  In  two  steps,  one  to  deter- 
mine  Fe  ,  the  other  to  determine  Fe  .  The  possible  error  in  the 
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To  ^ 

Fe  /Fe  ratio  was  detemlncd  to  be  ±.043.  From  these  values,  the 

Fe  /Fe  ratios  could  be  determined.  This  ratio  did  not  vary  more 

than  the  possible  error  In  specimens  poured  first  In  the  melt,  and  those 

poured  last.  Both  steps  of  the  titration  were  carried  out  under  a 

nitrogen  atmosphere,  and  In  both  steps  approximately  .5  gm.  of  specimen 

was  dissolved  In  concentrated  HCl.  In  the  Fe'^°^  titration,  all  Fe  Ions 

2-f 

were  first  reduced  to  the  Fe  state  using  stannous  chloride.  Excess 
2+ 

Sn  Ions  Interfere  with  the  titration  and  were,  therefore,  displaced 

2+ 

by  adding  mercuric  chloride  to  the  solution.  The  excess  Hg  Ions 
formed  an  Insoluble  precipitate,  Hg2Cl2>  In  the  HCl  solution.  The 

24> 

titration  for  Fe  was  then  performed  using  dlphenylamlne  sulfonic  acid 
as  an  Indicator  and  potassium  dlchromate  as  a  tltrant. 

Electrical  specimens  ware  aude  by  evaporating  gold  electrodes  In 
a  guard  ring  configuration  on  the  specimen,  and  then  annealing  for  one 
hour  at  300°C  to  allow  diffusion  bonding  to  take  place.  D.C.  measure* 
ments  were  made  using  conventional  guarded  techniques.  A.C.  measure¬ 
ments  were  made  In  the  audio  frequency  range  using  a  Wayne  Kerr  B221 
audio  bridge  In  conjunction  with  a  Hewlett-Packard  615B  oscillator. 

The  measurements  were  made  in  the  radio  frequency  range  using  a  Wayne 
Kerr  B601  radio  frequency  bridge  with  an  external  null  detector. 

Guinler  and  DeWolff  powder  camera  specimens  were  made  by  taking 
chips  of  the  various  barches,  heat  treating  than,  and  grinding  them 
In  a  porcelain  mortar.  Exposures  were  made  for  24  hours  using  MoKa 
radiation. 
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EXPERIMENTAL  RESULTS 

3^  Tot 

Table  1  gives  melt  number,  specimen  thickness,  density,  Fe  /Fe 
rat. ^  and  quenching  specifications  for  all  specimens  used  in  this  ex¬ 
periment.  Figures  1-3  show  the  D.C.  resistivity  vs.  1/T  data  as 

3^  To  t 

a  function  of  heat  treating  time  for  specimens  with  Fe  /Fe  ratios 
of  .31,  .44,  and  .76,  respectively.  The  behavior  is  typical  of  that 
expected  from  an  amorphous  semiconductor,  and  none  of  the  specimens 

exhibited  a  time  dependent  variation  of  resistivity.  The  resistivity 

o  2 

was  extrapolated  to  200  C  and  plotted  with  that  of  Hansen  and  Splann 

in  Figure  4.  The  tan  6^^  vs.  frequency  plots  for  specimens  4,  6,  and  9 

is  plotted  in  Figures  5-7.  All  A.C.  measurements  were  made  at  approx- 

o  3 

imately  130°C.  Notice  that  a  peak  around  f  -  4.0  x  10'^  Hz  appears  in 

the  as-cast  data  for  specimen  6,  whereas  there  are  no  corresponding 

peaks  in  the  as-cast  data  for  specimens  4  and  9.  This  specimen  (number 

6)  was  prepared  using  the  plunger  and  die  at  77‘^K.  A  melt  of  the  same 
3^  To  ( 

Fe  /Fe  ratio  as  specimen  6  was  prepared  and  copper  blocks  cooled 
to  77°K  were  used  to  make  specimens  in  this  case.  The  A.C.  and  D.C. 
data  for  a  specimen  from  this  melt  (number  14)  appears  in  Figures  8 
and  9.  Notice  that  the  magnitude  of  the  tan  6^^  vs.  frequency  peak  for 
specimen  14  is  greater  than  that  for  specimen  6,  although  the  agreement 
between  the  D.C.  log^^Q  resistivity  vs.  1/T  plots  for  these  specimens 
is  good. 

Table  3  presents  the  results  of  the  Gulnier  DeWolff  powder  camera 

3^/  Tot 

data  for  the  melts  as  a  function  of  heat  treating  time  and  Fe  /Fe 
ratio.  Although  the  intensity  of  some  lines  increased  with  heat  treat¬ 
ment  time  in  some  cases  and  decreased  in  others,  quantitative  analysis 
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of  relative  amounts  of  phases  present  was  difficult,  due  to  overlap  of 
the  x-ray  spectra  of  these  phases.  As  a  result,  precise  analysis  of 
crystalline  phases  precipitating  out  with  extended  heat  treatments  was 
difficult,  but  lines  were  detected  In  the  spectra  which  have  been  ten¬ 
tatively  attributed  to  those  phases  given  in  Table  II.  As  can  be  seen 
from  the  table,  several  crystalline  phases  are  detected  in  heat  treat- 
ments  of  one  hour  at  600  C.  The  phases  present  vary  with  Fe’’  /Fe 
ratio. 

The  effect  of  different  quenching  rates  on  the  D.C.  and  A.C.  data 

To  £ 

for  a  typical  melt  (Fe  /Fe  -  .71)  were  also  examined.  The  results 
are  shown  In  Figures  10  and  11.  Figure  10  contains  the  as-cast 
log^^reslstlvlty  vs.  1/T  data  for  specimens  11,  12  and  13,  which  were 
quenched  with  copper  blocks  cooled  to  -196°C,  25°C  and  300°C  preheat, 
respectively.  Figure  11  contains  tan  6^^  vs.  frequency  for  these 
specimens. 

DISCUSSION  OF  RESULTS 

X-Ray  Data 

As  can  be  seen  In  Table  11,  the  first  crystalline  phase  which 

3^  To  t 

precipitates  out  for  all  Fe  /Fe  ratios  studied  in  this  experiment 

3+ 

was  FePO^,  or  Iron  (III)  Phosphate,  an  Fe  rich  phase.  Although  ratios 
of  .31  and  .44  yielded  lines  which  were  attributed  to  two  or  three 
other  phases,  the  relative  Intensities  indicated  that  FePO^  precipitated 
out  first  In  all  cases.  For  the  same  exposure  time,  more  lines  appeared 
after  one  hour  heat  treatments  as  the  Fe  /Fe  ratio  decreased,  Indi- 
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eating  Chat  the  phases  are  growing  more  rapidly,  since  the  volume  frac¬ 
tion  in  a  given  volume  of  material  Increases  to  the  point  where  the 
weaker  reflections  appear. 

The  intensity  of  lines  identified  as  FePO^  remained  the  same  with 

To  t 

increased  heat  treatment  time  for  Fe  /Fe  ratios  of  .44  and  .76,  and 
decreased  slightly  for  the  .31  ratio.  This  distinction  is  marginal  at 
best.  The  indication  is  that  the  amount  of  FePO^  does  not  change  signif¬ 
icantly  with  heat  treating  times  up  to  10  hours,  the  maximum  heat  treat¬ 
ment  time  used  in  this  experiment.  At  later  heat  treatment  times,  other 
lines  appear  and  increase  in  intensity,  indicating  that  other  phases  are 
precipitating  out,  and  the  volume  fraction  is  increasing  with  heat 
treatment  time. 

Overall  conclusions  from  the  powder  camera  data  indicate  that  the 

3^  3 '4'  To  t 

same  Fe  rich  pahse  precipitates  out  first  for  all  Fe  /Fe  ratios. 

2+ 

Other  phases  which  are  Fe  rich  appear  later.  If  the  phases  which 
precipitate  out  do  not  tie  up  all  Fe  cations  in  the  glassy  matrix,  the 
overall  Indication  of  this  behavior  would  be  an  initial  decrease  in  the 
Fe  /Fe  ratio  of  the  glassy  matrix,  with  a  subsequent  rise  in  this 
ratio  at  later  heat  treatment  times. 

D.C.  Data 

The  D.C.  logj^^resistivity  vs.  1/T  data  for  specimens  with  the  same 
3^*  To  t 

Fe'’  /Fe  ratios  indicates  that  this  type  of  behavior  does  occur. 

This  can  be  illustrated  by  looking  at  Figure  4.  If  a  specimen  has  a 
high  Fe^"^/Fe^°^  ratio  in  the  as-case  state,  l.e.,  no  crystals  present 
on  the  amorphous  matrix,  and  was  then  heat  treated  so  that  the  Fe'^^/Fe 
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3+ 

ratio  of  the  matrix  would  drop,  due  to  crystallization  of  an  Fe 

rich  phase,  an  overall  drop  In  resistivity  as  a  function  of  1/T  should 

occur.  This  can  be  seen  to  occur  In  Figure  3.  If,  at  a  later  time, 

2+ 

a  crystalline  phase  precipitated  out  which  tied  up  Fe  Ions,  the 
Fe  /Fe  ratio  of  the  matrix  would  be  expected  to  rise.  This  would 
result  In  a  subsequent  rise  In  resistivity.  As  can  be  seen  from  Fl^^ure 
3,  this  behavior  does  occur.  After  2  hours  heat  treatment  at  600°C  the 
resistivity  rises. 

3^  Tot 

From  Figure  4,  It  can  be  seen  that  for  a  low  Fe  /Fe  ratio  the 

3^*  To  t 

opposite  behavior  would  be  observed.  In  other  words.  If  the  Fe  /Fe 

ratio  Initially  drops,  the  resistivity  of  the  matrix  would  rise.  At  a 

2+ 

later  time,  when  Fe  Ions  are  tied  up  and  the  ratio  begins  to  rise, 
the  overall  resistivity  of  the  matrix  would  drop  again.  As  can  be  seen 
from  Figure  1,  this  type  of  behavior  Is  observed  for  the  Fe'^/Fe  •  .31 
specimen.  The  resistivity  of  the  matrix  rises  after  1  hr.  at  600*^0, 
and  subsequently  drops  after  the  2  hr.  heat  treatment.  However,  It  then 
rises  after  the  5  hr.  treatment  and  drops  again  below  the  2  hr.  value. 
This  could  be  the  result  of  other  crystalline  phases  becoming  dominant. 

As  can  be  seen  In  Table  II,  more  than  two  phases  are  detected  on  the 
glassy  matrix.  However,  analysis  of  relative  amounts  of  phases  Is  almost 
Impossible,  as  has  been  pointed  out  before.  A  second  possibility  Is  the 
creation  of  a  contiguous  path  of  crystals  from  one  electrode  to  another. 
Several  specimens  were  broken  after  heat  treatments  at  600°C  and  a 
dense  layer  of  crystal  nuclei  could  be  seen  with  the  naked  eye  around 
the  surface  of  the  specimen.  If  contiguous  crystals  are  responsible. 

It  would  appear  that  the  drop  In  resistivity  would  be  much  greater  than 
that  observed,  however.  This  latter  effect  was  observed  by  M.  O'Horo 
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and  R.  Steinitz  in  a  similar  experiment  with  an  alumino-borosilicate 
with  12  a/o  Fe202.  A  similar  effect  was  observed  for  the  Fe^'*’/Fe'^°^ 

>  .44  specimen  as  can  be  seen  in  Figure  2.  However,  the  overall  change 
in  resistivity  as  a  function  of  heat  treatment  time  is  much  smaller 
than  that  observed  for  the  specimens  in  Figures  1  and  3.  This  is  easily 
explained  by  the  slope  of  the  resistivity  at  constant  temperature  vs. 
Fe^VFe^°^  plot  in  Figure  4.  As  can  be  seen  in  Figure  4,  the  slope  at 
a  ratio  of  .44  on  Hansen's  plot  is  less  than  that  at  the  extreme  values 
of  ratio.  This  would  result  in  an  overall  change  which  would 

be  much  smaller  for  a  similar  change  in  ratios  for  all  specimens. 

A.C.  Data 

The  growth  of  the  crystalline  phases  is  supported  by  the  A.C.  tan  6 

AC 

vs.  frequency  for  these  specimens.  If  a  higher  conducting  crvstalline 
phase  grows  in  a  lower  conducting  matrix,  a  dts,/C:rsion  will  occur  in  the 
tan  6^^  vs.  frequency  data  in  correspondnecr  with  a  Maxwell-Wagner-Sillars 
type  of  inhomogeneous  loss  mechanism.  The  presence  of  different  ph<' ses 
of  differing  conductivity  or  morphology  would  result  in  a  dispersion 
which  would  occur  at  different  frequencies  for  the  different  phases 
present. 

The  A.C.  data  for  the  Fe  /Fe  »  .76  specimen  can  be  seen  in 

Figure  7.  As  can  be  seen  from  the  figure,  no  dispersions  appear  in 

the  as-cast  data.  After  1  hr.  heat  treatment  at  600°C,  a  dispersion 

4 

appears  at  around  4.0  x  10  Hz  with  a  slight  inflection  at  approximately 

4 

10  Hz.  With  subsequent  heat  treatment  the  low  frequency  inflection 
develops  into  a  dispersion  and,  at  10  hrs.,  the  magnitude  of  both  dls- 
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perslons  has  Increased.  As  can  be  seen  from  the  Gulnler-DeWolff  powder 

camera  data,  only  two  phases  were  detected  at  extended  heat  treatment 
^  I  Xo  t 

times  for  this  Fe  /Fe  ratio  specimen.  It  seems  reasonable  that  an 
explanation  of  the  two  peak  phenomena  lies  In  the  nucleatlon  and  devel¬ 
opment  of  two  crystalline  phases  In  the  glassy  matrix.  However,  as  can 
be  seen  from  Table  II,  no  crystalline  phases  were  detected  In  the 
powder  camera  data  for  this  specimen  after  a  one  hour  heat  treatment  at 
600°C.  This  apparent  discrepancy  Is  best  explained  by  the  method  In 
which  x-ray  specimens  were  obtained.  Table  I  indicates  that  the  spec¬ 
imens  for  this  melt  were  made  using  the  plunger  and  die  mold  configura¬ 
tion.  The  powder  camera  specimens  were  obtained  from  pieces  which 
broke  off  of  the  buttons  during  the  strain  anneal  at  300°C.  These 
pieces,  which  came  from  the  edges  of  the  cylindrical  specimens,  had  a 
different  thermal  history  than  the  bulk  of  the  specimen.  As  a  result. 

It  Is  probable  that  the  center  of  the  specimen  had  crystal  nuclei  present 

after  one  hour,  whereas  the  more  rapidly  quenched  x-ray  specimen  did  not. 

Xo  t 

A  less  defined  dispersion  behavior  can  be  seen  In  the  Fe  /Fe  »  .31 
specimen  In  Figure  5.  It  should  be  noted  that  dispersions  appear  In  the 
as-cast  A.C.  data,  although  this  Is  not  the  case  for  the  powder  camera 
data.  A  reasonable  explanation  Is  again  found  in  the  difference  In 
thermal  history  of  the  bulk  electrical  specimen  and  the  powder  camera 
specimen  since,  as  can  be  seen  in  Table  I,  the  specimen  was  prepared 
using  the  plunger  and  die  configuration  mold,  which  made  a  rapid  quench¬ 
ing  rate  difficult.  As  a  control,  another  specimen  with  the  same 

3^  Xo  t  o 

Fe  /Fe  ratio  was  prepared  using  copper  plates  cooled  to  77  k.  As 
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can  be  seen  In  Figure  8,  the  D.C.  plot  was  collnear  In  the  high  temper¬ 
ature  region,  although  the  low  temperature  region  Is  difficult  to  com¬ 
pare  due  to  a  smaller  number  of  corresponding  points.  The  A.C.  data 
caii  be  seen  In  Figure  9.  The  as-cast  plot  of  tan  6^^  vs.  frequency 
reveals  no  dispersions,  although  the  magnitude  of  the  plot  Is  much 
greater  than  the  same  plot  for  the  less  rapidly  quenched  specimen  In 
Figure  5.  A  similar  effect  of  quenching  rate  on  A.C.  data  was  observed 
by  Charles.^  It  should  be  noted  that  the  peaks  which  develop  with 
heat  treatment  are  not  as  well-defined  as  those  In  Figure  7,  and  are 
asymmetrical.  This  Is  probably  due  to  the  overlap  of  the  dispersions 
from  the  other  phases  present  after  heat  treatment,  as  can  be  seen  In 
Table  II. 

Tot 

The  analysis  of  the  data  for  specimens  of  Fe  /Fe  .44  was 

complicated  due  to  the  fact  that  they  had  a  tendency  to  break  even  with 
the  slightest  heat  treatment  at  elevated  temperatures.  At  best  the 
A.C.  plots  for  specimen  9  Indicated  that  there  were  essentially  no  loss 
peaks  present.  According  to  the  theory  developed  here,  this  leaves  two 
possibilities  pertaining  to  the  nucleatlon  of  crystals  In  these  spec¬ 
imens.  Either  there  were  no  crystals  present  after  heat  treatments  of 
up  to  two  hours,  or  the  crystal  nuclei  were  so  large  that  dispersions 
would  not  appear  In  the  frequency  range  examined.  The  latter  possibil¬ 
ity  Is  the  most  plausible,  since  the  crystallites  could  be  seen  with 
the  naked  eye  In  the  specimens  of  this  Fe^^/Fe^°^  ratio  which  fractured 
due  to  residual  strain. 
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Quenching  Experiment 

3^  Tot 

An  experiment  was  run  on  a  Fe  /Fe  -  .71  melt  to  detmlne  the 
effect  of  quenching  rate  on  density  and  electrical  properties.  Spec¬ 
imens  11,  12,  and  13  were  quenched  using  copper  blocks  cooled  to  -196"c, 
2S°C,  and  300°C,  respectively.  The  data  from  this  experiment  can  be 
seen  in  Figures  10  and  11.  No  dispersions  appear  in  the  A.C.  data  of 

any  of  the  specimens.  It  can,  therefore,  be  concluded  that  the  quenching 
3^  To  t 

rate  on  the  low  Fe'^/Fe  specimens  is  not  as  critical  to  glass  forma¬ 
tion  as  the  high  ratio  melts.  As  ahs  been  mentioned  before,  the  same 
result  was  observed  from  the  Gulnier-DeWolff  powder  camera  data.  Also, 
as  can  be  seen  from  Figure  10,  the  resistivity  increases  with  decreasing 
quenching  rate.  From  Table  I,  it  can  be  seen  that  the  density  of  these 
specimens  decreases  with  decreasing  quenching  rate.  In  other  words, 
the  separation  between  adjacent  Fe  cations  becomes  larger  with  increased 
or  more  rapid  quenching  rates.  This  can  be  correlated  with  the  corres¬ 
ponding  increase  in  resistivity. 


CONCLUSIONS 

1.  D.C.  data  for  the  various  Pe^/Fe^°^  ratios  behaves  in  a  manner 
which  indicates  the  growth  of  several  different  crystalline  p  ses  when 
the  specimens  are  heat  treated  for  varying  times  at  600°C. 

2.  Double  peaks  appear  in  the  tan  6.  _  vs.  frequency  data  which 

A  *  w  » 

can  be  attributed  to  different  crystalline  phases  growing  in  the  glassy 
matrix. 

3.  These  dielectric  loss  peaks  appear  simultaneously  with  cry¬ 
stalline  phases  in  the  specimens*  as  indicated  by  the  Gulnier-DeUolff 
powder  camera  data. 

4.  The  ease  of  homogeneous  glass  formation  varies  with  the 
To  ( 

Fe  /Fe  composition  of  the  melt.  As  a  result  the  effect  of  different 
quenching  rates  on  the  formation  of  a  homogeneous  glass  is  not  as  crit- 
ical  for  the  low  Fe  /Fe  ratio*  as  the  high  ratio. 

5.  An  increased*  or  more  rapid  quenching  rate  decreases  the 
density  of  the  specimens*  thereby  increasing  the  separation  of  the  Fe 
ions  and  causing  a  rise  in  the  resistivity  of  the  specimen. 
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TABLE  II 

PHASE  OBSERVED  IN  X-RAY  ANALYSIS 


H.  T.  Time 

0  600°C  Fe^/Fe^°^ 


.31 

.44 

.76 

1  hr. 

FeO 

FePO 

None 

^®2°3 

^®3°A 

FePO^ 

2  hr. 

No  Data 

FePO, 

FePO 

Taken 

10  hr. 

FePO.d-  decreaaed) 

FePO^ 

FePO 

F.,04 

’'«3°4 

Fe,0 
3  ' 

FejO, 

’'®2°3 

FeO 

FeO 

48 


LIST  OF  FIGURES 


Log^Q  resistivity  vs.  1/T  as  a  function  of  heat  treatm«nt  time 
at  600°C  for  specimen  6,  Fe^/Fe^°^  ■  .31. 

Log^Q  resistivity  vs.  1/T  as  a  function  of  heat  treatment  time 
at  600°C  for  specimen  9,  ■  .44. 

Log^Q  resistivity  vs.  1/T  as  a  function  of  heat  treatment  time 
at  600°C  for  specimen  4,  Fe^/Fe^°^  =  .76. 

o  3^  Tot 

Extrapolated  resistivity  at  200  C  vs.  Fe  /Fe  .  The  data  of 
Hansen,#  O  ,  Is  shown  along  with  the  data  collected  In  this 
experiment  ^  .  Hansen's  data  for  a  55a/o  FeO— 45a/o  P^O^  glass. 

Tan  6^^  vs.  frequency  for  specimen  6,  Fe^^/Fe^°^  ■  .31,  as  a 
function  of  heat  treatment  time  at  600^C. 

Tan  vs.  frequency  for  specimen  9,  Fe"*  /Fe*  ■  .44,  as  a 
function  of  heat  treatment  time  at  600°C. 

3^H  *To  t 

Tan  6  vs.  frequency  for  specimen  4,  Fe  /Fe  ■  .76,  as  a 
function  of  heat  treatment  time  at  600°C. 

Log.-  resistivity  vs.  1/T  as  a  function  of  heat  treatment  time  at 
600  C  for  specimen  14,  Fe^/Fe"^®^  ■  .31. 

3^  Tot 

Tan  6^^  vs.  frequency  for  specimen  14,  Fe  /Fe  ■  .31,  as  a 
function  of  heat  treatment  time  at  600°C. 

Log^Q  resistivity  vs.  1/T  as  a  function  of  heat  treatment  time  at 
600°C  for  specimens  11,  12,  and  13,  Fe^^/Fe^°^  ■  .710. 

Tan  (S^j,  vs.  frequency  for  specimens  11,  12,  and  13,  Fe^^Fe^®^  ■  .71, 
as  a  function  of  heat  treatment  time  at  600°C. 


u  ao  IS 

1^,1* 

Figure  3.  resistivity  vs.  1/T  as  a  function 
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In  this  experiment  ^  .  Hansen's  data 
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Figure  9.  Ten  v**  frequency  for  epeclaen  14, 
Fe^/Fe  ■  .31,  ee  e  function  of  hent 
treetnent  tine  et  600^C. 
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ABSraACT 


Ihe  na^ietlc  properties  and  microstxncture  of  the  vanadlun  phosphate 
glass  system  over  the  conposltlon  range  60-90  mole  1,  were  Investigated 
In  orfJer  to  study  the  magnetic  orderlrer  In  the  glass  and  to  study  the  effect 
of  Uie  rtilcrostrxicture  upon  Its  magietlc  properties.  It  was  detennlned  that 
direct  antlforronagTetlc  coupling  between  V*'*  Ions  In  tl»  glassy  matrix  ex¬ 
isted  with  a  oiansltlon  tenperature  near  -70®C.  It  was  also  detennlned  that 
as-cast  glasses  with  a  high  concentration  of  separated  Into  two  glassy 
phases.  Ihls  separation  caused  an  Increase  In  ESR  l.lnewldth  due  to  Inhomo- 
genelty  broadening,  'ihe  separation,  which  concentrated  the  vanadlun  Ions  In 
a  vanadlum-rlch  phase ,  caused  a  Systeresls  In  the  ESR  line  intensity  vs  tenv- 
perature  plot  at  the  transition  tenperature.  Reduction  of  the  vanadium  Ions 
by  addition  of  dextrose  to  the  melt  enhanced  phase  separation  and  resulted  In 
weai'  antlferromapiTetlc  transitions  at  -tyo  and  -120®C,  the  Netfl  tenperatures 
of  VI and  V^O^, respectively. 
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rm'ffinc  behavior  and  r4icH0STOxwRE  of 

VANADIUM-PHOSPHATC  GLASSES 

I.  Ir/IHXJIJCTION 

Ihe  vanadlun>-ph06phate  glass  system  has  been  tJie  subject  of  Investi¬ 
gation  since  1868  (1),  and  recently,  extensive  studies  of  the  electrical  con¬ 
ductivity  of  this  system  have  been  made  In  an  atterpt  to  understand  the  elec¬ 
tronic  conduction  mechanism  in  transition  metal  oxide  glasses  (2).  In  addition, 
the  magietlc  behavior  of  these  glasses  has  been  studied  In  order  to  elucidate 
the  magnetic  structure  and  to  correlate  this  structure  with  behavior  observed  In 
conductivity  measurements  (3-11).  Throughout  the  literature,  however,  there  Is 
considerable  disagreement  over  the  magnetic  behavior  of  the  '^2®5"^2®5 
ten.  There  have  been  several  reports  of  phase  separation  In  thi?  system  (12-1^4), 
and  since  none  of  the  previous  magietlc  studies  have  considered  the  effect  of 
separation  on  the  magietlc  properties,  this  research  was  undertaken. 

The  present  work  reports  an  Investigation  of  the  magietlc  ordering  In 
the  glass,  correlations  between  magpetlc  transitions  In  the  glass  and  known  trans¬ 
itions  In  the  various  vanadium  oxides,  and  the  first  reported  study  of  the  effect 
of  the  microstructure  on  the  magnetic  properties  of  vanadium-phosphate  glasses. 

II.  EXFERIMEI/rAL 

The  glass  sanples  were  prepared  by  melting  a  physical  mixture  of 
In  silica  crucibles  In  air  for  one  hour  at  1100°C.  Each  melt  was  then  quenched 
to  room  terrperat'ire  on  copper  plates.  Six  different  conposltlons  were  studied: 
60-^40,  65-3t),  70-30,  75-25,  80-20,  and  90-10  mole  percent  V^O^-P^O^.  In  order 
to  obtain  sanples  with  Increased  concentrations  of  the  lower  valence  vanadium 
Ions,  dextrose  was  added  to  one  batch  each  of  the  65-35  and  80-20  glasses. 
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r^G.'iCTIC  BEHAVIOR  AMD  MICROSTTRUCIURE  OF 
VATJADIUM-PHOSPHA'PE  GUSSES 

I.  ir/iT«)jjix;noN 

'IVie  vanadlurr>-phosphate  glass  system  has  been  the  subject  cf  investi¬ 
gation  since  1868  (1),  and  recently,  extensive  studies  of  the  electrical  con¬ 
ductivity  of  this  system  have  been  made  in  an  attenpt  to  understand  the  elec¬ 
tronic  conduction  mechanism  in  transition  metal  oxide  glasses  (2).  In  addition, 
the  magnetic  behavior  of  these  glasses  has  been  studied  In  order  to  elucidate 
the  ma;5^tlc  structure  and  to  correlate  this  stnicture  with  behavior  observed  in 
conductivity  measurements  (3-11).  'Ihroughout  the  literature,  however,  there  is 

considerable  disagreement  over  the  magnetic  behavior  of  the  V-Oc-P-Oj.  glass  sys- 

d  0  do 

tern.  There  have  been  several  reports  of  phase  separation  in  this  system  (12-lU), 
and  since  none  of  the  previous  magnetic  studies  have  considered  the  effect  of 
separation  on  the  magietlc  properties,  this  research  was  undertaken, 

'Ihe  present  work  reports  an  investigation  of  the  magnetic  ordering  in 
the  glass,  correlations  between  magietic  transitions  in  the  glass  and  known  trans¬ 
itions  in  the  various  vanadium  oxides,  and  the  first  reported  study  of  the  effect 
of  the  mlcrostnicture  on  the  magnetic  properties  of  vanadlum-irfiosphate  glasses. 

II.  EXPErUMBITAL 

The  glass  sanples  were  prepared  by  melting  a  physical  mixture  of 
in  silica  cniclbles  in  air  for  one  hour  at  1100®C.  Each  meZt  was  then  quenched 
to  room  terrperature  on  copper  plates.  Six  different  conposltlons  were  studied: 
60-^40,  65-3h,  70-30,  75-25,  80-20,  and  90-10  mole  percent  V^O^-P^O^.  In  order 
to  obtain  sanples  with  Increased  concentrations  of  the  lower  valence  vanadium 
ions,  dextrose  was  added  to  one  batch  each  of  the  65-35  and  80-20  glasses. 
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Dllatonetrlc  measurenients  on  the  glass  sanples  showed  that  all  glasses 
had  a  softening  point  r»ar  250®C  (14),  and  for  this  reason,  none  of  the  as-cast 
sarples  were  annealed  after  quendilng. 

Finely  powdered  glass  sanples  were  examined  In  a  vacuam  Gulnier-De  Wolff 
X-ray  camera  using  HoK^  radiation.  Ihls  technique  peirdts  detection  and  identi¬ 
fication  of  as  little  as  0.1  wt.  %  crystal.  However,  no  evidence  of  crystallinity 
was  found  In  any  of  the  sanples  of  the  as-cast  or  heat-treated  glasses. 

ESR  measurements  were  made  on  a  Varlan  V4500  spectrometer  at  9  GHk. 
Variations  In  sanple  tenperature  were  obtained  through  use  of  a  Varlan  V4540 
variable  tenperature  apparatus  and  a  hydrogen  Cryotlp.  Magnetic  field  strength 
was  determined  by  means  of  a  proton  spin  resonance  gaussmeter,  and  the  klystron 
frequency  was  measured  by  a  direct  reading  hetrodyne  frequency  counter. 

In  order  to  detennlne  the  spin  density  of  each  resonance  line  and  to 
study  the  Intensity  of  the  line  as  a  function  of  experiment  tenperature.  It  was 
necessary  to  calculate  the  area  under  the  absorption  curve,  I  *  AH^hpp,  where 
AH  Is  the  llnrwldth  and  hpp  Is  the  peak-to-peak  heli^t  of  the  first  derivative 
line  (15).  Ihe  spin  density  was  determined  by  coiparlson  with  a  calibrated 
sapple.  Likewise,  the  normalized  Intensity  of  the  liSI^  line  was  determined  by 
dividing  the  Intensity  of  the  glass  resonance  by  the  Intensity  of  a  parama^ietlc 
3tandaj?d  (DPPH)  In  order  to  remove  the  tenperature  dependence  of  the  sensitivity 
of  the  spectrometer  (16). 


III.  RESULTS 

Tne  first  derivative  ESR  spectra  of  the  as-cast  glass  sanples  consists 
of  a  singlet  centered  at  g'  ■  1.96  +  0.005.  Ilie  llnewldths  of  the  room  tenpera¬ 
ture  spectra  of  the  various  oonposltlons  are  shown  In  Figure  1.  The  llnewldth 
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and  g'  value  of  each  sanple  renalned  constant  throufjiout  the  tenperature  range 
studied.  No  hyperflne  stmcture  was  found  on  any  of  the  rescmnces  of  the 
glasses . 

To  further  investigate  the  magnetic  stmcture  of  the  system,  variable 
tenperature  tlGR  and  ma®ietlc  susceptibility  measurements  were  made.  ESR  results 
from  representative  sanples  are  shown  in  Figures  It  is  apparent  from  the 

data  that  there  is  a  weak  antifbrromagnetlc  trar.3ltlon  near  -70°C,  Phase 
separated  sanples  shoi^  a  hysteresis  in  the  intensity  at  this  point.  It  may  also 
be  noted  from  Figures  2  and  3  that  reduction  of  the  vanadium  Ions  by  addition  of 
dextrose  to  the  melt  causes  extremely  weak  transitions  near  +70  and  -120°C. 

Itepresentative  electron  micrographs  of  two  of  the  as-cast  glasses  are 
shown  In  Figures  5  and  6.  Ihe  results  of  the  microscopy  studies  show  Increasing 
phase  separation  and  growth  of  a  second  glassy  phase  as  the  vanadium  content  Is 
increased.  Although  no  stmcture  was  found  in  the  60-^0  glass,  It  can  be  seen 
that;  ttiere  is  a  small  volume  fraction  of  the  separated  phase  In  the  65-35  glass 
and  a  much  larger  volume  fraction  iri  the  90-10  glass.  <\s  shown  In  Figure  7, 
heat  treatment  of  Uje  glasses  for  one  hour  at  300°C  leads  to  further  separatl(»i 
of  the  second  phase.  Hie  effect  of  the  heat-treatment  Is  especially  apparent 
upon  corparlson  of  Figures  5  and  7.  Addition  of  dextrose  to  the  melt  In  order 
to  reduce  the  Ions  also  enhances  the  separation  (1^).  The  ease  with  »^ich 
the  separation  occurs  and  the  difficulty  of  producing  unseparated  sanples  con¬ 
taining  high  vanadium  concentrations  clearly  Indicates  the  presence  of  a  neta- 
stable  iimiisclbility  gap  in  the  system.  The  resulting  separation  has  a  definite 
effect  on  the  ma^gietic  properties  of  the  glasses. 
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IV.  DISCUSSION 

Figure  8  Is  a  plot  of  the  ratio  of  the  concentration  of  Ions  to 
ions  (n^/h^)  as  a  function  of  glass  conpositicxi  as  detennined  for  the  glasses 
studied  by  the  present  authors,  MacKenzle  (17),  and  Landsberger  and  Bray  (5>).  It 
is  Interesting  to  note  the  close  agreement  between  the  interpolated  wet  chendstiir 
data  of  MacKenzle  and  the  results  of  the  ESR  studies.  MacKenzle 's  chendstiir 
technique  results  in  a  ratio  which  is  actually  the  ratio  of  all  induced  Ions 

Ox  ?x  ti^ 

()r  V"*  ,  and  V  )  to  ,  whereas  the  value  determined  from  ESR  data  is  actually 
a  ratio  of  paranagpetlc  ions  (V^  and  to  nonparamaflietlc  wiesv  and  V^). 
The  agr^eeroent  indicates  that  the  concentration  of  and  in  the  unreduced 
glasses  is  extremely  small. 

In  spite  of  the  fact  that  which  is  99.733*  naturally  abundant,  has 
a  nuclear  spin  of  7/2,  no  FvP«rflne  structure  was  observed  in  the  spectra  of  the 
as-cast  glasses,  Hyperflne  structure  has  been  observea  in  alkali  borate,  sili¬ 
cate  and  phosphate  glasses  containlrig  3  wt.  3*  vanadium  by  Bogolomova,  Lazukln 
and  Petrovykh  (18),  Ito  hyperflne  structure  was  observed  in  semiconducting 
vanadlum-i^rosphate  glasses  contairdng  more  than  mole  %  by  Landsberger  and 
Bray  (5),  or  by  Bogolomova,  et  al.  (9).  In  contrast,  Nagiev  (6)  and  I^rnch,  et  al. 
(7)  reported  hyperflne  structure  in  90-10  and  80-20  mole  %  V^O^-PjO^  glasses, 
respectively.  However,  neither  of  the  above  investigators  reporrted  any  X-rey 
analysis  of  their  glasses,  and  Lynch  found  hyperflne  only  in  a  sanple  which  had 
been  melted  under  an  oxygen  atmosphere.  It  appeaie  piebable  that  their  trlasses 
were  par^tlally  devltrlfled. 

The  lack  of  hiyperfine  sti?uctuie  in  the  ICSR  spectre  of  the  glass  sanples 
is  evidence  that  the  exchange  term  in  the  spin  Hamlltcxilan  completely  dominates 
the  hyperflne  term.  Since  the  Iwis  are  dlamagietlc  with  S  «  0,  and  since 
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the  concentration  of  in  the  uireduced  glass  Is  very  small,  the  exdiange 

ji^ 

coupling  must  be  predominantly  bet%feen  V  ions.  It  will  be  shokn  later  that 

this  coiqpling  is  antiferromagietlc,  which  tends  to  reduce  the  intensity  of 

resonance  line  and  results  in  a  reduction  in  the  apparent  concentration  of  V  . 

The  error  associated  with  this  effect  is  proportional  to  the  concentration  of 
44' 

V  ions  in  the  glass,  ani  thus,  the  values  of  n^/n^  for  the  glassies  with  hifti 

44 

V  content  are  pix)bably  too  small.  In  addition,  there  is  a  possibility  of  ex- 

44  '^4 

Change  coupling  between  V  and  V-*  ions  in  the  glasses  containing  large  concen¬ 
trations  of  the  reduced  ions.  Such  coupling  would  tend  to  broaden  the  resonance 
line  and  once  again  result  in  a  reduction  of  the  value  for  (19). 

In  order  to  explain  the  increase  in  ESR  linewldth  shown  in  Figure  1 
at  the  higher  concentrations  of  one  must  investigate  the  stnicture  of  the 
glasses.  Janaklrama-Rao  (20)  has  postulated  a  structure  for  vanadium-phosphate 
glasses,  which  is  similar  to  the  structure  of  crystedllne  VgO^,  shown  in  Figure  9, 
as  determined  by  Badunann,  Ahmed  and  Barnes  (21).  Ihe  proposed  structure  con¬ 
sists  of  distorted  trigonal  blpyramids  with  a  vanadium  ion  in  octahedral  coordi¬ 
nation  at  the  center  of  each  pyramid,  'ihe  oxygen  atoms  an  the  basal  corners  of 
the  pyramid  link  to  other  pyramids  so  that  sheets  of  VO^  units  evolve.  In 
crystalline  ^2^^*  units  share  edges  to  fonn  zigzag  double  chains  in  the 

[001]  direction  and  are  cross-linked  along  [100]  to  other  units  to  form  parallel 
sheets  in  the  x-z  plane  (21).  In  the  glasses,  tetrahedra  replace  the  non- 
bridging  oxygen  at  the  apex  of  the  pyramids,  and  the  sheets  are  twisted  to  accom¬ 
odate  the  POyj  units  and  maintain  the  randomness  of  the  glass.  At  higher  ^2^^ 
concentrations,  the  sheets  degenerate  into  chains  and  ribbons  of  VO^  pyramids 
which  are  bonded  to  tetrahedra  (5). 
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As  the  concentration  of  Increases,  the  concentration  of  V  Ions 
decreases,  as  shown  In  Figure  8,  and  thus  the  exchange  coi4>llng  between  V  de¬ 
creases.  In  addition,  the  concentration  of  VO^  structural  units  with  PO^j  tetra- 
hedra  replacing  the  apex  oxygen  decreases.  Janaklrane-Rao  (20)  has  deteimlned 
from  Infrared  studies  that  the  hl^  chaiige  density  of  the  phorphoTx>us  Ion  at¬ 
tracts  the  V-0  bonding  electrons  away  from  the  bond.  Ihls  weakens  the  bond  and 
creates  considerable  slte-to-slte  vaxd-atlcxi  between  the  vanadium  sites  with 
and  without  the  bonded  phosphate  tetrahedra.  As  the  concentratlcxi  of  phosphate 
tetrahedra  decreases,  ribbons  and  chains  of  VO^  units  form  Into  sheets,  and  the 
distortion  of  the  sheets  decreases.  Since  the  vanadium  slte-to-slte  variation 
decreases,  the  ESR  llnewldth  should  decrease.  It  can  be  seen  In  Figure  1  that 
such  Is  the  case  In  glasses  containing  less  than  75  mole  %  However,  the 

llnewldth  Increases  for  g^ses  containing  a  higher  concentration  of  vanadium. 

This  behavior  Is  opposite  to  the  prediction  of  the  structural  model,  but  the 
explanation  for  this  Increase  In  llnewldth  at  hlg^  V20^  concentrations  can  be 
found  iipon  conparlson  of  Figures  5  and  6. 

Phase  separation  In  glasses  with  hl^  vanadium  content  Is  In  accord  with 
Anderson  and  Conpton  (12),  who  reported  splnodal  deconposltlon  In  an  unannealed 
87.5-12.5  glass.  Separation  has  also  been  detected  In  annealed  vanadium-phosphate 
Classes  by  Kairblen,  Weldl  and  Blair  (13)»  and  Klnser,  Frlebele,  and  Wilson  (14). 
This  phase  separation  of  the  glass  results  In  two  amorphous  phases— one  rich  In 
vanadium  and  one  rich  In  phosphate.  Since  the  vanadium  Ions  In  each  (diase  would 
experience  conpletely  different  environments,  Inhomogenelty  broadening  would 
broaden  the  ESR  lines  and  account  for  the  behavior  observed  In  Figure  1. 
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'lYie  exchange  coiqpllng  of  Uie  vanadlim  ions  in  the  glass  gives  rise  to 
the  transition  at  -70°C,  which  Is  shown  In  Figures  2-4.  Ban7  ( 22)  has  shown 
that  exchange  coupling  between  Ions  of  the  same  valence  state  results  In  a  reso¬ 
nance  of  deci^easlng  Intensity  below  the  Ne^l  tenperature.  CoipUr^  between  Ions 
of  different  valence  states  not  only  results  In  extreme  broadening  of  the  reso¬ 
nance  line  (3,19),  but  also  results  In  Increasing  Intensity  below  the  transition 
tenperature.  Since  the  susceptibility  data  Indicates  that  the  coupling  Is  antl- 
ferromagnetic,  this  coupllr^  must  be  predominately  between  V  Ions. 

Landsberger  and  Bray  (5)  have  argued  that  the  local  environment  of  a 
4^ 

V  Ion  In  the  glass  Is  not  similar  to  that  of  crystalline  VO2,  but  rather  to 

44 

that  of  crystalline  V^O^.  In  this  model  the  V  Ions  In  the  vanadlum-i^sphate 
glass  matrix  find  themselves  In  the  distorted  octahedral  synnetry  of  the  VO^ 
groups  rather  than  In  the  tetragonal  symnetry  of  VO^.  Then,  the  change  of  sym- 

1)4  1)4 

metry  would  have  the  effect  of  Increasing  the  V  -V  Interaction  distance,  which 

would  weaken  the  exchange  and  lower  the  transition  tmiperature.  In  addltlcm,  the 

phosphorous  Ion  In  the  bonded  apex  i4x»|tote  group  would  delocalize  the  V-0  bond- 

44 

Ing  electrcxis  and  attract  the  additional  non-bonding  electron  of  the  V  Ion. 

‘Ihls  attraction  towards  the  phosphorous  Ion  would  also  weaken  the  exchange  and 
lower  the  transition  tenperature  from  467°C,  the  Netfl  tenperature  of  crystalline 
VO^  detemlned  by  Ooodenough  (23). 

Ihe  hlg)i  tenperature  magnetic  susceptibility  data  of  all  glasses  studied 

follows  a  Curie  Weiss  law.  Ihe  projected  Curie  tenperature,  6,  of  the  unseparated 

sanples  agrees  within  experimental  error  with  the  transition  tmiperature  detenrrined 

fhom  ESR  measurements.  Ihls  Indicates  that  the  coupling  vrfilch  gives  rise  to  the 

antlferromagietlc  transition  r.t  -70°C  Is  the  result  of  direct  exchange  betwe^i 
44 

nearest  neighbor  V  Ions,  and  not  siperexchange  throu^  the  bridging  oxygen  atoms. 
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Anderson  (2'i)  has  shown  that  In  materials  where  superexchange  Is  known  to  occur, 
6/T|^  Is  greater  than  one,  and  CXiren  (25)  states  that  differences  between  6  and 
are  the  result  of  next  nearest  neighbor  and  higher  exchanges.  Thus,  we  conclude 

ij^ 

that  In  the  glass  matrix,  the  antlferromagfwtlc  exchange  Is  directly  between  V 
Ions  In  adjoining  VO^  structural  units. 

Certainly,  the  effect  of  this  exchange  on  the  bulk  maerietlc  properties 
of  the  glass  Is  fairly  weak.  Ihe  room  tenperature  mass  susceptibility  Is  on  the 
order  of  10~^,  (cgs  unlts/gn)  and  there  Is  (xily  a  15%  variation  In  resonance  In¬ 
tensity  between  the  transition  tenperature  and  -196°C.  If  we  assume  a  homogene¬ 
ous  glass  consisting  of  distorted  sheets  of  VO^  units,  the  coordination  nuirber  of 
the  e:xhange  Interaction  between  vanadium  Ions  will  bn  For  ribbon  or  chain 
stnictures,  the  coordination  number  would  be  less,  but  always  greater  than  one 
(for  a  terminal  VO^  unit  on  a  chain).  Now,  the  probability  of  a  V  -V  exchange 
Is  equal  to  the  square  of  the  molar  concentration  of  Ions.  Ihe  total  number 

iiA 

of  V  paired  exchanges  In  the  glass  Is  the  probability  of  the  exchange  times  the 

total  nunt>er  of  vanadium  exchanges  ■  PZCV]/2,  where  P  is  the  probability,  Z  Is  the 

coordination  number,  and  [V]  is  the  concentration  of  vanadlun  in  the  glass.  In 

the  case  of  the  80-20  glass.  In  a  typical  ESR  sample  of  100  mg. ,  there  would  be 
17 

aiproxlmately  10  V  Ions  In  pairs.  Ihese  would  easily  give  rise  to  the  ob- 

iix 

served  transition.  In  glasses  which  are  heterogeneous,  the  probability  of  V 
pairs  Is  even  hle^r,  since  much  of  the  vanadium  Is  concentrated  In  a  vanadlum- 
rlch  phase. 

Reduction  of  the  vanadium  Ions  by  addition  of  dextrose  to  the  glass  melt 
enhances  the  phase  separation  of  the  as-cast  glass  (14).  It  Is  apparent  in 
Figure  2  and  3  that  the  ma^ietlc  properties  of  the  glass  have  also  been  altered 
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by  the  reduction.  Althou^  the  reduced  glasses  still  have  the  anti ferronagne tic 
transition  at  -70®C,  there  Is  evidence  of  hysteresis  In  the  Intenslty-tenperature 
curve  at  this  point.  Similar  hysteresis  has  been  found  In  crystalline  systems 
containing  more  than  one  crystalline  phase  (26),  and  the  results  of  the  present 
work  Indicate  that  such  a  correlation  may  also  exists  In  the  vanadlum-phoephate 
glass  system. 

'Ihe  anomalous  behavior  of  the  reduced  glasses  at  +70  and  -120*^0  may  be 

explained  In  tenns  of  antlferronasietlc  transitions  In  the  vanadlum-rlch  i^iase 

In  the  glass.  Reduction  of  the  vanadium  by  addltlcxi  of  dextrose  results  In  an 

4+ 

Increased  concentration  of  V  .  Although  prior  to  this  study  no  evidence  of 

04. 

V-*  has  been  found  In  vanadium-phosphate  glass.  It  Is  conceivable  that  the  re¬ 
duction  process  could  also  result  In  a  small  concentration  of  V^”*"  (and  )  In 
the  glass.  Phase  separation  of  the  glass  would  then  concentrate  the  vanadium 
Ions  In  the  vanadlum-rlch  phase,  and  exchange  coiqpllng  between  the  reduced  Ions 
could  result.  Since  numerous  studies  have  Indicated  that  the  local  environment 
of  Ions  in  glass  and  In  the  corresponding  crystal  Is  quite  similar.  It  Is  reason¬ 
able  to  expect  that  the  local  environment  of  the  vanadium  Ions  In  the  separated, 
vanadlum-rlch  phase  may  closely  approach  that  of  crystalline  vanadium  oxide. 

As  has  previously  been  mentioned,  Landsberger  and  Bray  (3)  have  postu- 
lated  that  the  site  symmetry  of  a  V  Icxi  In  the  glass  matrix  Is  Identical  to 
that  of  a  Ion,  so  that  conduction  by  electron  hopping  can  occur  without 
structural  rearrangement  of  the  glass.  However,  when  the  phase  separation  takes 
place  at  elevated  temperatures,  the  Ion  mobility  Is  greater  and  the  vanadium  lexis 
In  the  separated  phai^e  would  attenpt  to  surround  themselves  with  a  ligand  cage 
similar  to  that  experienced  In  crystalline  vanadium  oxide.  Since  there  Is  a  low 
concentration  of  PO^  tetrahedra  In  the  separated  phase,  the  local  structure  of 
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the  vaiMuJium  ions  in  this  phase  could  be  quite  different  from  that  in  the  glassy 
matrix  of  unseparated  glasses.  One  would  then  expect  that  exchange  coupling 
between  vanadium  ions  of  the  sane  valence  state  to  give  rise  to  antlferromagietlc 
transitions  at  tenperatures  corresponding  to  the  Ne€l  tenperatures  of  VO2  and 
It  can  be  seen  from  I''lgures  2  and  3  that  there  is  evidence  of  extremely 
weak  transitions  near  +70°C,  corresponding  to  the  Ne^l  tenperature  of  +70®C  for 
VOgC  27)  and  near  -120°C,  corresponding  to  the  Ne^l  tenperatui’e  of  -123®C  for 
VgO,  (28).  Althou^  the  weak  Inflections  in  the  intensity  curves  are  well  v/lthln 
experimental  error  bars,  they  are  consistently  reproducible,  hence  lending  more 
credibility  than  the  error  bars  would  allow.  In  addition,  Hench  and  Jenkins  (29) 
have  found  a  change  from  frequency-independent  to  frequency-dependent  conductivity 
at  +70°C.  Schmid  (30)  has  e]q)lalned  this  In  tenns  of  a  transition  from  a  small 
polaronic  to  a  tunnelling  conduction  mechanism. 

Further  verification  of  the  existence  of  (exchange  coupling  in  the  sepa¬ 
rated  phase  is  found  by  Investigating  the  fieat-treatod  sanple  (Figure  ^).  Once 
again,  there  is  an  antlferromayTetic  transition  at  -70"C  and  Jjysteresls  at  this 
point,  but  upai  conparlson  with  Figure  2,  it  is  seen  that  there  is  a  definite 
tailing  off  of  tlie  intensity  at  hl^  tenperatures.  This  is  not  observed  in  the 
unreduced,  and  unseparated  glass,  /^pai'ently  the  V  ions  in  the  separated  phase 
are  in  local  ligand  environments  similar  to  those  in  VO^,  such  that  antlferromag- 
netlc  coupling  between  V  ions  is  possible.  Once  again,  this  results  in  a  very 
weal'  magietlc  transition  tenperature  near  the  Ne^l  tenperature  of  VO2. 

V.  CONCLUSIONS 

'Ihe  results  of  the  present  study  indicate  the  existence  of  nearest  neigh¬ 
bor  antiferromagnetlc  coupling  between  ions  in  VO^  ligand  cages  in  the 
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homogeneous  glass  matrix.  This  coupling  results  In  a  transltlai  tenperature  of 
-70°C,  vrtilch  Is  observed  In  all  glass  sanples.  The  reduction  In  transltlcxi 
tenperature  from  the  Ite^l  tenperature  of  VO2  Is  apparently  the  result  of  delocal¬ 
ization  of  the  bonding  electrcMTs  by  the  bonded  phosphorous  and  the  result  of  the 

iiif 

distorted  octahedral  site  syrnnetry  of  the  V  In  the  glassy  matrix. 

Attenpts  to  reduce  to  the  lower  valence  state  Ions  result  In  phase 
separation  of  the  glass  and  weak  magnetic  behavior  which  may  be  explained  In 

04.  /14  li4 

tenrc  of  V-^  -V  and  V  -V  antlferromayietlc  coupling  In  the  vanadlum-rlch  phase. 
This  behavior  Is  correlated  with  the  behavior  of  heat-treated  glasses  In  which 
phase  separation  has  occurred,  but  no  reduction  Jias  taken  place. 

214  <54 

The  present  determination  of  the  relative  concentration  of  V  to  V 
In  the  as-cast  glasses  Is  In  agreement  with  two  previous  studies  (5,17).  Jfowever, 
the  results  of  electron  microscopy  studies  Indicate  the  necessity  of  structurally 
characterizing  the  glass  before  attempting  other  Investigations.  The  exterit  of 
the  phase  separation  and  growth  of  the  second  phase  Increased  with  Increasing 
vanadium  content  In  the  glass.  The  fact  that  phase  separation  was  observed  In 
rapidly  cooled  sanples  Indicates  the  existence  of  a  metastable  Imnlsclblllty  gap 
In  the  system  (1^<).  Certainly,  this  0iase  separation  In  the  as-cast 

and  heat-treated  glasses  end  the  possibility  of  crystallization  in  glasses  with 
high  vanadium  concent  can  explain  the  disparate  observations  of  hyperfine  struc¬ 
ture  in  the  ESR  spectra. 
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1.  Llnewldth  of  the  g’  -  I.96  +  0.005  resonance  line  as  a  function  of 
conposltlon  of  vanadlum-ph(»(^te  glasses. 

2.  iloimallzed  Intensity  of  the  resonance  line  as  a  function  of  experi¬ 
ment  tenperature  of  as-cast  65-35  mole  %  V^O^-P^O^  glasses. 

3.  normalized  Intensity  of  the  resonance  line  as  a  function  of  experi¬ 
ment  tenperature  of  as-cast  80-20  mole  %  glasses. 

4.  normalized  Intensity  of  the  resonance  line  as  a  functlcxi  of  experi¬ 

ment  tenperature  of  a  65-35  mole  %  V^Oc-P^Oc-  glass  sanple  heat-treated 
at  300®C  for  one  hour.  ^  ^  ^ 

5.  Replication  electron  micrograph  of  an  as-cast  65-35  mole  %  YpO^-PpOc 

glus  sanple.  Bar  length  Is  lu.  ^  t  5 

6.  Replication  electron  mlcrograi^  of  an  as-cast  90-10  mole  % 

glass  sanple.  Bar  length  Is  lu.  ^ 

7.  Replication  electron  ndcrogr^  of  a  65-35  mole  %  VpOc-PpOc  glass  sanple 

heat-treated  at  300®C  for  one  hour.  Bar  length  Is  ^ 

8.  [telatlve  concentration  of  V  to  as  determined  bv  the  present  study, 

Landsberger  and  Bray  (5)  and  MacKenzle  (17),  Interpolated  by  (5). 

9.  Structure  of  crystalline  VpOc  [after  Bachmann  et  al.  (21 )]  showing  the 

VOg  structural  unit.  ^ 
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Figure  8 


